Silicon (Si) alone or Si + boron (B) foliar sprays at the maturity stage of light red of the cherry tomato cultivar 'Unicorn' were examined to determine the effect on the quality and shelf life. The foliar applications that were utilized in this study were: 20 mM Si alone from silicon dioxide (SiO 2 ), 20 mM Si from SiO 2 with 4.85 mM B from boric acid (H 3 BO 3 ) and distilled water as a control substance. The Si + B treatment resulted in the lowest respiration and ethylene production as recorded. The Si + B treated tomato fruits attained and retained the highest firmness as noted. Compared with the control, the Si + B treated fruits had less-soluble solids, higher titratable acidity, higher vitamin C content, and longer shelf life. The Si + B treated fruits and leaves had the highest Si and B content uptake. Therefore, Si + B foliar sprays increased and retained cherry tomato firmness, maintained soluble solids, maintained titratable acidity, increased the vitamin C content, prolonged shelf life, increased cellwall compactness, and increased Si and B accumulation as noted in the study.
Introduction
Silicon (Si) is a "functional" plant nutrient, and its deficiency in crops has been recognized since the 1970s (Laing et al., 2006) . Soluble Si is diffused in the form of mono silicic acid, Si(OH) 4 by the plant roots and it provides effective defences for the plant to counter the susceptibility to acquire diseases (Cote-Beaulieu et al., 2009) . The Si may change the antagonistic activity of huge amounts of boron (B) (Kaya et al., 2011) . The content of polyphenol oxidase and ascorbate peroxidase increased in Si treated melon (Conceicao et al., 2014) . The Si induced resistance mechanisms to biotic and abiotic stresses without hampering growth and yield of the plants treated (Liang et al., 2015) . Studies show that the firmness, water status, metabolic and physiological activities were noted as improved in the Si treated cucumber fruit (Ouzounidou et al., 2016) .
Boron deficiency in agriculture is a widespread problem that reduces yield and fruit quality of affected fruit species (Barker, Pilbeam, 2007) . The variation of fruit produce quality and yield depends on the produce variety, growing environment, and nutrient solution supplied and applied to the produce as it grows (Ercisli, Orhan, 2007) . Studies show that boron can influence the cell wall and plasma membrane cell wall interface, metabolism, reproductive growth and development, and root elongation and shoot growth of a growing plant structure (Marschner, 2012) . It is known that boron treatment can augment and enhance the quality of tomato and cucumber plants during growth stages (Ekinci et al., 2015) .
Firmness is a substantial determinant for postharvest quality, because it extends the shelf life by modifying compactness or thickness of the tomato fruit cell-wall. Silicon or Si + B have the ability once applied to modify this result in the tomato fruit structure. In the current experiment, the reaction and consequence of Si alone or Si + B foliar sprays was examined, and the result helped to ascertain the quality and shelf life of cherry tomatoes.
Materials and methods

Plant growing conditions and treatments.
The cherry tomatoes (Solanum lycopersicum, cultivar 'Unicorn') were grown and cultivated using a nutrient film technique (NFT) system during the summer, while situated in the growing environment at a plastic house in Gangwon Province, Korea in 2014. The maturity-stage of light red was utilized to perform this experiment. The package size of the storage tomato was 34 × 24 × 13 cm. The storage temperatures for the tomatoes were 5 and 11°C with 85% relative humidity. A supplied nutrient for nourishing the tomatoes during the growth stages was based on the Japanese horticultural experiment station (Sato et al., 2006 Fruit physiology parameters. The respiration and ethylene were quantified by a gas analyser PBIDansensor CheckMate 9900 (Dansensor A/S, Denmark) and a gas chromatograph GC-2010 (Shimadzu, Japan), respectively (Mele et al., 2017) .
Fruit physico-chemical quality parameters. The firmness and the soluble solids were ascertained by a penetrometer DFT-01 (TR Snc, Italy) and a refractometer (Atago USA Inc.), respectively. A food and beverage tester DL 22 (Mettler Toledo Ltd., Korea) was used to measure the titratable acidity. Vitamin C was analyzed according to the method of Mele et al. (2017) using a Waters high-performance liquid chromatography (Waters Associates, USA) which equipped with C 18 column (4.6 cm × 250 mm, 5 μm) (Agilent, USA) at 265 nm. The tomato fresh weight loss for each tomato plant was estimated by deducting the present weight from the earlier weights and converted as percent of weight loss. The visual quality was measured on a 5-point scale: 5 -excellent, 4 -very good, 3 -good, marketable, 2 -bad and 1 -waste, of the y axis in Figure 2 during storage by five panel members (Mele et al., 2017) .
Silicon (Si) and boron (B) content analysis. The Si and B contents as applied to the plants were measured according to Simsek and Aykut (2007) with the help of inductively coupled plasma (ICP) -atomic emission spectroscopy (AES) Integra XL Dual (GBC Scientific Equipment Pty Ltd., Australia) succeeding astringent assimilation, and the result was recorded like a concentration (mg kg -1 dry weight). Scanning electron microscopy (SEM). The Si alone or combined with B treated tomatoes SEM was analyzed by a Supra 55VP (Carl Zeiss, Germany) at a hastening of 3 KV voltage. The top second and third layers of digital pictures were used to calculate the compactness or thickness of cell-wall by software NIH Image (http://rsb.info.nih.gov/nih-image/).
Statistical analysis. Data was analyzed by the utilization of the statistics software SPSS V.16 (SPSS Inc., USA). The Duncan's multiple range test of the one-way analysis of variance (ANOVA) was used to analyze the mean significant differences of all tomato fruits utilized and monitored in the study.
Results and discussion
Fruit physiology parameters. The study noted that the tomato fruit quality begins to deteriorate immediately after harvest due to a high respiration rate. A reduced level of respiration can help maintain the fruit quality and increase the shelf life of the tomato. The Si + B treated fruits showed a significantly (p ≤ 0.05) reduced respiration rate than the control fruits of light red maturity at harvest time (20°C). Moreover, Si + B treated fruits showed lower respiration rate at both storage temperatures of red maturity-stage cherry tomato than control fruits on the last storage day. These findings are in agreement with the results reported by Vunnam et al. (2014) that noted a respiration rate was satisfactory maintained by the maturity, growing atmosphere and tomato fruits surrounding the gas condition. At harvest time and during storage, the respiration of the tomato was suppressed by the Si + B treatment and this might have happened as a result of the subsequent cell-wall thickness of the study tomato fruits. The Kaluwa et al. (2010) study revealed that Si suppressed the respiration in similarity reviewed growth of avocadoes. It was noted that the use of boron suppressed the respiration of pears by improving their membrane integrity (Xuan et al., 2005) . Among the treatments, Si + B showed the lowest respiration rate (Table 1) ; thus the Si + B treated tomato fruits had the longest shelf life.
Ethylene helps to ripen tomato fruits, and a decreased level of ethylene may be desirable to reduce the maturing procedure and increase the shelf life. At harvest time (20°C), the 5°C and 11°C stored cherry tomatoes showed a decreased ethylene production rate as compared to the control (Table 1) . Moreover, the Si + B treated tomato fruits in 11°C storage showed a lower ethylene production rate than the control fruits. The Si + B foliar sprays may decrease the ethylene production of cherry tomatoes by maintaining respiration. The silicon application decreased the ethylene production rate in avocadoes (Kaluwa et al., 2010) . In pears, B decreased the ethylene production rate by maintaining the membrane structure and its integrity (Xuan et al., 2005) . Although harvest-time colour a*/b* value was not significantly different of tomato fruits as we selected the same maturity stage (data not shown), but they significantly differed in ethylene production rate. The Si + B treated tomato fruits had the lowest ethylene production; it may be beneficial in prolonging the shelf life of cherry tomatoes.
Fruit quality parameters. Firmness is a fundamental feature of the cultivated cherry tomato, and it reduces gradually over time especially in storage facilities. The extended firmness of the cherry tomato fruit is desirable for long-time storage and possible logistical transportation. The firmness increased by Si + B treated tomato fruits at harvest time was significant and the tomato fruits retained their firmness with this application even after storage ( Table 2 ). The Si + B foliar sprays influenced firmness, because the minerals may cross-link the pectin molecules in plant cell-walls and the metal binding's cell-wall structure stabilize by the pectin web in the case of this study. The Si treatment expanded tomato firmness (Weerahewa, David, 2015) and B-treated pear fruits have been shown to become firmer (Khalaj et al., 2017) which is definite beneficial growing factor for producers of these fruit products. Moreover, the Si + B treated fruit showed the highest firmness at harvest time (20°C), and it was retained after storage due to decreased respiration and ethylene production. The Xuan et al. (2005) study reported that the application and B treatment delayed the damage of fruit tissue and reduced the disorder in similarly situated cultivated fruits during harvest times. Both at harvest time and after storage, the Si + B treated tomato fruits showed less soluble solids compared with control (Table 2) , and this might have happened as a result of slower respiration and ethylene production. As B transports sugar through the formation of borate-sugar complexes in higher plants (Marschner, 2012) , there may be a case resulting in the less soluble solids in B treated fruits at harvest time. Si-treated tomatoes also had less-soluble solids as noted in the fruit growth statistics (Weerahewa, David, 2015) . Additionally, it is noted that during storage, soluble solids increased perhaps due to conversion of starch to sugar (Khalaj et al., 2017) .
The cherry tomato fruit treated with Si + B had a higher titratable acidity at the harvest time and after storage compared to the control (Table 2) , which could be attributed to low respiration rate, low metabolic activities to increase the shelf life. During storage, it is noted that the titratable acidity decreased in B treated pears (Khalaj et al., 2017) . Consequently, fruits treated with Si + B foliar sprays showed the highest titratable acidity among the treatments due to the smallest respiration content, including the factors of less-ethylene production, and less-soluble solids.
By the same light, Si + B treatment showed the highest vitamin C at harvest time and after storage, thereby noting the control recorded the lowest vitamin C ( Table 2 ). The Si + B treatment on the tomato fruits showed the highest vitamin C because of lower metabolic activities. The B-treated pomegranate showed the highest vitamin C content (Korkmaz et al., 2016) . The Si + B foliar sprays had the greatest effect on the vitamin C content. Moreover, the vitamin C content variation also depended on the tomato cultivar (Guil-Guerrero, Rebolloso-Fuentes, 2009), Si + B treatments, temperature and maturity stages.
Fresh weight loss. Because of the fruits' moisture loss from respiration, the stored tomato fruits fresh weight loss rate increased when weighed and reviewed. The pre-harvest foliar sprays in strawberries studied did not show any differences in fresh weight loss (Singh et al., 2007) , but our results for the Si alone and Si + B treatments were significantly different in the cherry tomatoes reviewed in this study. The Si + B treated tomato fruits showed the lowest fresh weight loss during storage (Fig. 1) . Moreover, at 5°C, the stored tomatoes showed less fresh weight loss than at 11°C; therefore, the Si + B treatment and 5°C temperature significantly reduced the fresh weight loss of cherry tomatoes by reducing the respiration.
Visual quality. Tomato fruits' market price usually depends on the visually high quality of the fruits. Therefore, good visual quality fruits are preferable to sellers, buyers and consumers in all buying markets. The Si + B treated fruits at 5°C and 11°C storage had the best visual quality of the fruits tested in this study. The marketable, good visual tomato quality or shelf life (≥3) was maintained for 14 days (control), 16 days (Si alone) and 19 days (Si + B) at 5°C based on an observation scale. Moreover, at 11°C storage cherry tomatoes' shelf life was 6 days (control), 8 days (Si alone) and 9 days (Si + B) treatment (Fig. 2) . The Si + B foliar sprays retained visual quality, improved the shelf life, and maintained the fruit freshness by suppressing respiration and reducing internal breakdown. The silicon treatment also resulted in a better visual quality than in the control as noted and reviewed in this study.
The Si reduced deterioration of cucumber by maintaining membrane integrity (Ouzounidou et al., 2016) . B reduced the susceptibility of nectarine fruit rots caused by brown rot (Thomidis et al., 2017) . These treatments retained the tomatoes' visual quality, improved their shelf life, and maintained freshness for a longer period of time. The Si + B foliar sprays resulted in the longest shelf life of cherry tomatoes at both 5°C and 11°C by maintaining freshness.
Scanning electron microscopy (SEM).
The Si + B foliar sprays resulted in more-compact tissue compared to the control tomato fruits, because those treatments used a Si + B composition in the cell-wall structure, thus, decreasing the intercellular spaces and increasing the compactness and firmness. The highest cell-wall thickness was found in the Si + B treated fruits, followed by Si alone and the control (Fig. 3) . The Si treatment resulted in more-compact tissue (Bae et al., 2010) , and B improved the membrane integrity and cell-wall formation in pears (Khalaj et al., 2017) . The cell walls were thicker in the treated tomatoes, indicating that the Si alone and Si Note. The visual quality was measured on a 5-point scale (5 -excellent, 4 -very good, 3 -good, marketable, 2 -bad and 1 -waste) of the y axis; data represents the mean ± standard error (n = 10); * and *** -significant at p ≤ 0.05 and 0.001, respectively of Duncan's multiple range test. + B treatments increase the cell-wall thickness, membrane integrity and cell-wall formation and, therefore, resulted in an increase in the fruits' shelf life. Fruit and leaf Si and B content analysis. The Si + B foliar sprays resulted in higher Si and B content compared to the control and it probably happened due to greater assimilation of Si and B in the fruits and leaves. The B treatment increased the B content in cucumbers and in tomatoes (Kaya et al., 2011; Ekinci et al., 2015) . As the tomato plants accumulated higher Si and B contents, the cell-wall thickness, fruit firmness and shelf life increased (Table 3 ). 
Conclusion
The effects of foliar spraying of silicon (Si) or Si + boron (B) were investigated to confirm the quality and shelf life of cherry tomatoes. The application of Si + B treatment showed lower respiration, less ethylene production, increased firmness, increased cell-wall compactness, and accumulated maximum B and Si content compared with Si treatment or control tomato fruits. The application of Si + B treatment also had a prolonged shelf life. This treatment could result in grower, seller, buyer, and/or consumer increased satisfaction and overall appreciation with cherry tomato fruit quality and economic value in produce based markets in the region.
